Most yeast strains carry a cytoplasmic double-stranded RNA (dsRNA) molecule called W, of 2.5 kb in size. We have cloned and sequenced most of W genome (1), and we proposed that W (+) strands were identical to 20S RNA, a single-stranded RNA (ssRNA) species, whose copy number is highly induced under stress conditions. Recently it was proposed that 20S RNA was circular (2). In this paper, however, we demonstrate that both W dsRNA and 20S RNA are linear. Linearity of W dsRNA is shown by the stoichiometric labelling of both strands of W with 32P-pCp and T4 RNA ligase. The last 3' end nucleotide of both strands is about 70 to 80% C and 20 to 30% A. Linearity of 20S RNA is directly demonstrated by a site-specific cleavage of 20S RNA with RNase H, using an oligodeoxynucleotide complementary to an internal site of 20S RNA. The cleavage produced not one but two RNA fragments expected from the linearity of 20S RNA.
INTRODUCTION
Circular single-stranded RNA genomes have been identified as pathogens of plants and, at least in one case, of animals. They belong, mainly, to four groups: i) Viroids; ii) Virusoids; iii) Encapsidated linear satellite RNAs, which also exist as nonencapsidated circular RNA forms, and iv) Hepatitis delta virus (HDV) (3) . All of them seem to replicate by a rolling circle mechanism that involves, with some variations, a self-cleavage and self-ligation step to produce unit-length monomer circles from concatameric minus or plus strands. None of them encodes an RNA-dependent RNA polymerase. Other variants of circular RNAs are a Neurospora mitochondrial plasmid transcript called VS (4, 5) , and the transcript of a nuclear satellite DNA of a newt (6) . Recently, it was reported another circular single-stranded RNA species in S. cerevisiae (2) . This species, called 20S RNA, was about 2.5 kb in size, and it had been identified previously as a species which can be induced under the nitrogen starvation conditions that also induce sporulation (7, 8) . 20S RNA circularity was proposed based upon three lines of evidence: i) Electron microscopy, ii) Abnormal mobility on a two dimensional gel, GenBank accession no. M63893
and iii) The inaccessibility of 5' and 3' ends for labelling with T4 polynucleotide kinase and T4 RNA ligase respectively (2) . 20S RNA cDNA clones were obtained by ramdon priming, and the nucleotide sequence of most of the genome was determined (9) ; however, even though it was proposed that 20S RNA was circular, the authors were unable to clone across the gap in the 20S RNA sequence. At the same time 20S RNA nucleotide sequence was published, we reported, independently, the nucleotide sequence of W (1). W is a low copy number doublestranded RNA, 2.5 kb in size, present in many laboratory yeast strains (10) . One of W strands (the (+) strand) encodes its own putative RNA polymerase (1) . We learned that W (+) strand had the same nucleotide sequence as 20S RNA (1, 9) . We also showed that W (+) strands and 20S RNA had the same electrophoretic mobility in glyoxal-denaturing agarose gels and on an acrylamide strand separation gel, suggesting that W (+) strands and 20S RNA were identical. Based upon these lines of evidence, and on some preliminary data about W dsRNA linearity, we proposed that both molecules were linear.
In this paper we report that both W dsRNA and 20S RNA are linear. W dsRNA linearity is based upon two lines of evidence: i) Both strands can be stoichiometrically labelled at their 3'ends with 32P-pCp and T4 RNA ligase, indicating that they have free 3' end -OH groups, and ii) Direct RNA sequencing of denatured W dsRNA with reverse transcriptase suggests that there exists a free end on the template. 20S RNA linearity is based on the results obtained by site-specific RNAse H cleavage. The RNase H treatment of 20S RNA that had been annealed with a synthetic oligodeoxynucleotide, originated two RNA fragments of discret sizes as expected from its linear nature. If 20S RNA was circular, the cleavage reaction should originate only one RNA product.
MATERIALS AND METHODS

Strains and media
Yeast strains used to obtain W dsRNA and 20S RNA were 374C (a leul karl-I T, W, 23S RNA, 20S RNA) and RE458 (ax ski2-2 L-BC, W, 20S RNA). Media were as previously described (1 1). Escherichia coli MV1 190 (bio-Rad) was used for the propagation of plasmids and as the host for the Ml13 helper phage R408 (Stratagene) to obtain ssDNA. dsRNA purification T and W dsRNAs were purified by cellulose CF-i 1 chromatography as previously described (12) . W dsRNA was freed from T dsRNA by electroelution from native agarose gels.
20S RNA preparation Yeast strain RE458 grown to late log phase in YPAD medium (1 % yeast extract, 2 % peptone, 0.04% adenine sulphate, and 2% glucose) was transferred to 1% potassium acetate, pH 7.0, and incubated at 300 for 16h (13) . Cells were harvested and 20S RNA was purified as described (1) . All 
Northern blot hybridization
We performed two types of Northern blot analysis. In some experiments samples were first glyoxal denatured, separated in an agarose gel as described (14) (20) . The reaction was started by adding 0.5 U of RNase H (Boheringer Mannheim) and the digestion was continued for 30 min at 37°C. After the reaction was completed samples were extracted once with phenol:chloroform (1: 1), once with chloroform:isoamyl alcohol (24:1), and precipitated with ethanol. RNA samples were either glyoxal-denatured and loaded onto an agarose denaturing gel, or dissolved in 7 M urea, 1 mM EDTA, 0.035% xylene cyanol and bromophenol blue, denatured at 90°C for 1 min, and separated in a denaturing acrylamide gel as mentioned above. After blotting, the membranes were hybridized as described above. The crude extract used contained W dsRNA in addition to 20S RNA; however, the molecular ratio of W dsRNA to 20 S RNA was less than 1/100 under the .: 20S RNA is linear As shown above, W dsRNA is a linear molecule and has free -OH groups at both (+) and (-) strand 3' ends. Since W (+) strands comigrate with 20S RNA in strand separation acrylamide gels and in denaturing agarose gels, it is likely that 20S RNA is also linear (1). However, recently, it was proposed that 20S RNA was circular (2). Therefore we designed an experiment to solve this discrepancy. The outline of the experiment is shown in Fig. 4 in size). After being digested, samples were separated either in a denaturing agarose gel (Fig. 4-3 , A to C) or in a denaturing acrylamide gel (Fig. 4-3, D) . RNA was transferred onto nylon membranes and hybridized with 32P-probes which were complementary to various parts of 20S RNA. Probe a, which recognizes W (+) strand sequence from nt 633 to 1246 (Fig. 4-2) , upstream and downstream of the cleavage site, detected two discrete RNA fragments produced by the RNase H treatment (Fig. 4-3, A, lane 2) . A mocked experiment without RNase H, and untreated original sample gave only one band, uncut 20S RNA (Fig. 4-3, A, lanes 1 and c) . We estimated the lengths of the two fragments from extrapolation with the mobilities of two known RNA size markers, L-A (4.6 kb) and Ml (1.8 kb) run in the same gel. The larger and smaller fragments were, thus, estimated to be 1.6 and 0.9 kb, respectively. Therefore these results are consistent with the idea that 20S RNA is linear. To confirm this we used two additional probes (Fig. 4-2) . As expected probe b and probe c hybridized with the 3' end-proximal 1.6 kb larger fragment (Fig. 4-3 , B) and the 5' end-proximal 0.9 kb smaller fragment ( Fig. 4-3, C) , respectively. Since we used a crude extract as source of 20S RNA we ruled out the possibility of artifactual cleavage associated with any purification procedure. Furthermore, since the mocked experiment in the absence of RNase H gave the same 20S RNA mobility as that of the original, untreated sample, not only in a denaturing agarose gel, but also in a denaturing (7 M urea) acrylamide gel (Fig. 4-3 Previously, 20S RNA was proposed to be circular (2). The proposal was based in three lines of evidence. i) It was claimed that 50% of 20S RNA molecules were circular when examined in Electron microscopy. In the procedure employed, however, the authors crosslinked 20S RNA with the T4 gene 32 protein to spread the RNA. Therefore, the circular molecules observed may be an artifact caused by the procedure used. Alternatively, proteins covalently attached to the 5' ends of the dsRNA genome could circularize the linear dsRNA and this circular form disappeared after proteinase K treatment (28) . No such controls were done for 20S RNA. ii) It was claimed that 20S RNA showed abnormal mobility in a two dimensional gel, specifically in an acrylamide gel under denaturing conditions. As shown in Fig. 4 (10, 31) .
Recently we cloned and sequenced T dsRNA, another dsRNA found in yeast (27) . Like W, T encodes its own putative RNA polymerase. T's polymerase shares amino acid identities with W's polymerase and this identity extends beyond the region well conserved among RNA-dependent RNA polymerases. This suggests their common origin. T dsRNA also has its (+) ssRNA form, 23S RNA. Like 20S RNA, the 23S RNA copy number can be induced under stress conditions such as heat-shock or starvation. Thus we proposed that T and W and their ssRNA counterparts constitute a distinct RNA family of Saccharomyces cerevisae. The fact that T 3' ends were also labelled stoichiometrically with 32P-pCp and T4 RNA ligase (thus T dsRNA is linear) and that the composition of the last 3' end nucleotides was similar to that of W's, are in good agreement in the case of Infectious Pancreatic Necrosis Virus (IPNV), with our proposal of the new RNA family in yeast.
